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Thienamycin and clavulanic acid are new 8-lactam derivatives with struc-
tures markedly different from those of penicillins or cephalosporins. Both deriv-
atives had the same general mode of action as typical 8-lactam antibiotics since
they bound to precisely the same proteins as ['4C]benzylpenicillin. Thienamycin
showed high affinity for penicillin-binding proteins 1, 2, 4, 5, and 6 and a lower
affinity for protein 3. Protein 2 had the highest affinity for thienamycin, and
concentrations from the minimal morphological change concentration (0.1 ,ug/
ml) up to about 0.6 ,ug/ml resulted in the conversion of Escherichia coli KN126
into large osmotically stable round cells. Above a concentration of 0.6 ,ug/ml,
rapid cell lysis occurred with the release of the cell contents as spheroplasts.
Clavulanic acid showed good affinity for penicillin-binding protein 2, moderate
affinity for proteins 1, 4, 5, and 6, and low affinity for protein 3. Protein 2 had the
highest affinity for clavulanic acid, and concentrations from the minimal mor-
phological change concentration (30 ,ug/ml) up to about 50 ,ug/ml produced a
mixture ofslightly elongated, swollen, bulging, and lemon-shaped cells. Above a
concentration of 50 ,ug/ml, rapid lysis occurred with production of spheroplasts.
The properties of thienamycin and clavulanic acid were compared with those of
the penicillins, cephalosporins, and amidinopenicillanic acids.
Penicillins and cephalosporins exert their le-
thal effects on bacteria by inhibiting several
enzymes involved in the terminal stages of pep-
tidoglycan synthesis (1). We have developed a
technique for identifying and studying these
enzymes as penicillin-binding proteins (PBPs)
and have used it to establish which of the PBPs
ofEscherichia coli are the lethal targets for 8-
lactam antibiotics (4-6). This techniqpe pro-
vides a method for measuring the affinity of
novel 8-lactam derivatives for their multiple
physiological targets under conditions where
permeability barriers between the targets and
the P-lactam are absent.
In this paper we describe the binding proper-
ties of two new fermentation products (thiena-
mycin and clavulanic acid), which differ mark-
edly in both their side chains and their ring
structures from the penicillins and cephalospo-
rins (Fig. 1). Thienamycin has been reported to
have potent broad-spectrum activity with mini-
mal inhibitory concentrations of less than 10
,ug/ml for all gram-positive and gram-negative
bacteria that have been examined (H. Kropp, J.
S. Kahan, F. M. Kahan, J. Sundelof, G. Dar-
land, and J. Birnbaum, Program Abstr. Inter-
sci. Conf. Antimicrob. Agents Chemother.
16th, Chicago, Abstr. no. 228, 1976). Clavulanic
acid has weak antibacterial activity but is a
potent irreversible inhibitor of,-lactamases (2;
P. A. Hunter and C. Reading, Program Abstr.
Intersci. Conf. Antimicrob. Agents Chemother.
16th, Chicago, Abstr. no. 211, 1976).
MATERIALS AND METHODS
Bacterial strains and conditions of growth. E.
coli KN126 try- tyr- ilv- sup-126 was used in all ex-
periments. Cells were grown in Penassay broth
(Difco antibiotic medium number 3) at 37°C with
vigorous aeration. Cell growth was followed by
measuring the absorbance at 550 nm with a Gilford
model 300 automatic sampling spectrophotometer,
using sterile broth as a blank. Exponentially grow-
ing cells were used in all experiments.
Preparation of washed cell envelopes and assay
of penicillin-binding proteins. Washed cell enve-
lopes (consisting of inner and outer membranes and
peptidoglycan) were prepared from exponentially
growing cells as described previously (6). PBPs were
detected by binding ['4C]benzylpenicillin to washed
cell envelopes, selectively solubilizing the inner
membrane proteins with Sarkosyl NL-97, and frac-
tionating them on a sodium dodecyl sulfate-poly-
acrylamide slab gel as described previously (6). The
dried slab gel was impregnated with the scintillant
diphenyloxazole, and a fluorograph was prepared by
exposure to prefogged Kodak RP Royal X-Omat X-
ray film (3). The binding of thienamycin and clavu-
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lanic acid was measured by their competition for
the binding of [14C]benzylpenicillin as described pre-
viously (6). PBPs were quantitated by densitometry
of their images on the X-ray films with a Joyce-
Loebl Mklllc microdensitometer.
Measurement of MMCC. The minimal morpho-
logical change concentration (MMCC) was defined
as the lowest concentration of the antibiotic that
produced an alteration of the morphology of E.
coli KN126 (5, 6).
Antibiotics. [14C]benzylpenicillin (52 mCi mmol)
was obtained from the Radiochemical Centre,
Amersham, England. Clavulanic acid was the gift of
Beecham Pharmaceuticals, Betchworth, Middlesex,
England, and was supplied as the anhydrous sodium
salt. Thienamycin was the gift of Merck Sharp &
Dohme, Rahway, N.J.
RESULTS
Figures 2 and 3 show the effects of thienamy-
cin and clavulanic acid on the growth ofE. coli
KN126. Concentrations of thienamycin from
the MMCC (0.1 ,g/ml) up to 0.6 ,ug/ml had
little influence on the increase in absorbance
for at least 90 min at 37°C. Within this concen-
tration range thienamycin resulted in the pro-
duction of large osmotically stable round cells,
which were indistinguishable from those pro-
duced by the amidinopenicillanic acid mecilli-
nam (5). Above 0.6 ug/ml, rapid lysis ofE. coli
KN126 occurred with the release of the cell
contents as spheroplasts.
Addition of the MMCC of clavulanic acid (30
,ug/ml) had little effect on the increase in ab-
sorbance for at least 90 min at 37°C. At this
time the cells were a mixture of slightly elon-
gated, swollen, bulging, and lemon-shaped
cells. Above 50 ,g/ml, increasing amounts of
cell lysis occurred with the release of sphero-
plasts.
Figures 4 and 5 show the competition of in-
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FIG. 1. Structure of (A) benzylpenicillin-potas-
sium salt, (B) thienamycin, and (C) clavulanic acid-
sodium salt.
creasing concentrations ofthienamycin and cla-
vulanic acid for the binding of [14C]benzyl-
penicillin to the penicillin-binding proteins of
E. coli KN126. Table 1 shows the concentra-
tions ofthienamycin and clavulanic acid, which
reduce [14C]benzylpenicillin binding to the
PBPs by 50%. Thienamycin showed biphasic
kinetics of competition of PBP 4. The reason
for this is not clear although biphasic kinetics
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FIG. 2. Growth ofE. coliKN126 in the presence of
thienamycin. (A) Control, (B) 0.6 pjglml, (C) 1.2 Ag/
ml, (D) 2.4 pg/ml, and (E) 9.6 pglml.
0,8 - *B
0,6 -
0,4 E
0,2
m
'n 0,06
0,04-F
0,02
0 20 40 60 80 100
TIME (MIR)
FIG. 3. Growth ofE. coli KN126 in the presence of
clavulanic acid. (A) Control, (B) 30 pg/ml, (C) 40
pg/ml, (D) 50 pg/ml, (E) 60 pg/ml, (F) 100 pg/ml,
and (G) 200 pg/ml.
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FIG. 4. Competition of thienamycin tor ["ICibenzylpenicillin binding to envelopes of E. coli KN126.
Washed ceU envelopes were preincubated with (A) water, (B) 1.1 pg/ml and then twofold-increasing concen-
trations up to (L) 1,140 pg ofthienamycin per ml for 10 min at 30°C, and the PBPs remaining accessible were
labeled with a saturating concentration of[14C]benzylpenicillin. PBPs were detected by exposure ofthe gel to
K-ray film for 58 days.
A B C D E F G H I J K L M
1.MO1M - r- -w -. -
R.m i n -
FIG. 5. Competition ot clavulanic acid for ["C]benzylpenicillin binding to envelopes of E. coli KN126.
Washed cell envelopes were preincubated with (A) water, (B) 0.93 pg/ml and then twofold-increasing
concentrations up to (M) 1,818 pg ofclavulanic acid per ml, and the PBPs remaining accessible were labeled
with a saturating concentration of ['4C]benzylpenicillin. PBPs were detected by exposure of the gel to X-ray
film for 40 days.
TABLz 1. Concentrations of thienamycin and clavulanic acid required to give 50% competition for
[14CJbenzylpenicillin binding
fi-lactam MMCC Concn of ,-lactam required to give 50% competition (,tg/ml)(fig/ml) PBP 1 PBP 2 PBP 3 PBP 4 PBP 5 PBP 6
Thienamycin 0.1 1.1 0.06 31 0.15 and 5.5a 1.0 3.8
Clavulanic acid 30 52 4.1 310 11 21 15
a Competition was markedly biphasic, and values are given for each of the components.
of [14C]benzylpenicillin binding to this protein
were observed previously (6).
DISCUSSION
The penicillin and cephalosporin families of
,B-lactam antibiotics are derived from 6-amino-
penicillanic and 7-aminocephalosporanic acids,
respectively. A large variety of useful (8-lactam
antibiotics, including all those currently in use
in medicine, have been developed from these
basic ring structures. Thienamycin and clavu-
lanic acid are of importance since they demon-
strate the antibacterial efficacy of compounds
derived from ring structures that differ from
those of the penicillins and cephalosporins.
These novel ring structures are potentially the
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source oftwo new families of /3-lactam antibiot-
ics.
Thienamycin was highly potent in both its
antibacterial action and its affinity for the E.
coli PBPs. Clavulanic acid was much less active
in both respects and has potential as an inhibi-
tor of (8-lactamases rather than as an antibiotic
(2). The new derivatives bound to the same
proteins as [14C]benzylpenicillin although their
relative rates of binding to the PBPs were dif-
ferent from those found with penicillins and
cephalosporins (6). Each derivative bound with
highest affinity to PBP 2 and with lowest affin-
ity to PBP 3.
The affinity of thienamycin for PBP 2 was
only slightly lower than that of the amidino-
penicillanic acid mecillinam (5); however,
whereas the latter compound was completely
specific for PBP 2, thienamycin also showed
high affinity for the other PBPs. Binding of 3-
lactams to PBP 2 results in the production of
round cells (4, 5, 7), and the preferential bind-
ing of thienamycin to PBP 2 resulted in the
growth ofE. coli KN126 as round cells at con-
centrations from the MMCC (0.1 ,ug/ml) up to
about 0.6 Mg/ml. Above 0.6 ug/ml, increasing
amounts of cell lysis occurred, presumably due
to the high affinity of thienamycin for PBP 1
because this protein (or, as recent results sug-
gest, a component of PBP 1; B.G. Spratt, V.
Jobanputra, and U. Schwarz, FEBS Lett. in
press) is thought to be the target at which (-
lactams bind to inhibit cell elongation, result-
ing in lysis (4). Filament formation was not ob-
served at any concentration of thienamycin
since this derivative showed its lowest affinity
for PBP 3, which is known to be the target at
which ,8-lactams bind to produce this morpho-
logical response (4).
Clavulanic acid showed lower affinities than
thienamycin to each of the PBPs, but the rela-
tive order of affinities was similar. Although
PBP 2 had the highest affinity for clavulanic
acid, round cells were not observed after growth
in the presence of this derivative. The narrow
concentration range between the MMCC and
the occurrence of cell lysis probably indicates
that there was no concentration that com-
pletely inactivated PBP 2 without partially in-
activating other PBPs. The mixture of swollen,
bulging, and lemon-shaped cells that was ob-
tained at the MMCC probably results from
partial disturbance of cell shape determina-
tion due to binding to PBP 2.
Structure-function relationships among the
,8-lactam antibiotics are particularly compli-
cated, but we would like to point out that all of
the /8-lactams that we have found showing
their highest affinity for PBP 2 have been
either unsubstituted or unusual in their mode
of substitution at the /8-lactam ring (amidino-
penicillanic acids [5], 6-aminopenicillanic acid
[7], thienamycin, and clavulanic acid).
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